Introduction
The history of education is replete with calls to make student learning more active, yet rote learning has long been a staple of education. The explosion of digital information and the ease of its retrieval will perhaps increasingly shift the focus from memorization of information to the utilization of information. Problem-based learning (PBL), is an educational instruction method that fosters learning and the development of 21 st century competencies and skills (Bell, 2010) through problem solving and the integration and application of knowledge in real-world settings (Capraro & Slough, 2013) . Prior research around the effectiveness of PBL in higher education indicates that PBL is more effective than traditional lecturebased instruction in relationship to long-term retention and skills development (Strobel & Barneveld, 2009 ). However, not much is known about the effectiveness of PBL for primary to middle grade (secondary) education (ages 5-14) . In this paper, we examine the quantitative evidence for the effectiveness of PBL in kindergarten to middle school (K-8) science and mathematics classrooms to determine whether the perception of PBL as a promising learning approach is warranted. September 2017 | Volume 11 | Issue 2 2015), although more research is needed to determine the impact of PBL on student learning in educational settings (Rico & Ertmer, 2015) . As researchers, we were particularly interested in the effectiveness of PBL in mathematics and science classrooms, as we are involved in a larger project to investigate the use of PBL as a tool for supporting English language learners in learning academic content in these areas. We conducted this systematic literature review to examine specifically what quantitative research has revealed about the effectiveness of PBL for student learning of mathematics and science concepts from primary to secondary grades (K-8; ages 3-14) . Our intent is to apply the findings of this literature review to the larger study on enhancing mathematics and science learning for English language learners through PBL.
As English and Kitsantas (2013) found project-based learning and problem-based learning to closely resemble each other, we included both "problem-based" and "projectbased" learning articles in our literature review. Three questions guided our review of the literature:
• How do researchers define PBL?
• What components of PBL were explicitly identified as salient to student learning? • What is the effectiveness of PBL in relationship to identified dependent variables?
Literature Review Process
To perform a systematic review of the literature, we followed an approach similar to that discussed by Bennett, Lubben, Hogarth, and Campbell (2007) . In our approach, we (1) developed search strategy criteria, (2) searched for articles that met our criteria, (3) screened the articles to make sure they met the criteria for inclusion, and (4) extracted reported details of specific aspects of studies. This provided us the opportunity to develop a reproducible and structured review. This systematic review focused on peer-reviewed journal articles. Our initial search focused on identifying both "problem-based" and "project-based" learning papers related to science and/or mathematics education, with students at the pre-kindergarten to high school levels (ages 3-18). We initially included results for students at the high school level because we were not sure if there were a significant number of quantitative studies at the pre-K to middle school levels. This initial search, which was conducted on the ERIC and PsycInfo databases, yielded the titles and abstracts of 504 articles from these databases. Four researchers screened the articles to identify those that focused on PBL with early elementary to high school students around mathematics and/or science education.
This process involved all four authors who read through the article abstracts to identify the ones that met our initial search criteria: problem-or project-based learning studies related to mathematics and/or science education at pre-K to high school levels that included quantitative analysis. Interrater reliability ranged from 0.80 to 0.90, with discrepancies discussed and resolved.
Of the original 504 articles identified, 80 articles remained for further analysis following the review of abstracts. Our second screening of the articles expanded from reading just the abstract to skim reading the articles. This time, in addition to the original criteria, the authors sorted the articles according to five factors:
• Inclusion of quantitative analysis • Study examines PBL • Type of PBL (problem-based or project-based learning)
• Level (college, preschool to grade 8, high school)
• Subject (mathematics, science, both, other) Though abstracts mentioned quantitative analysis, our reading of each of the articles ensured that the article actually presented and discussed quantitative results. The focus on quantitative analysis was due to our interest in the effectiveness of PBL in comparison to traditional modes of instruction. This also applied to examining whether or not PBL was discussed and to determining what type of PBL (problem-based or project-based) the study utilized. We included grade-level and subject-area criteria to narrow the literature review to our areas of interest: K-12 mathematics and science education.
This round of screening resulted in an inter-rater reliability average of 0.80, with discussion of discrepancies resulting in 100% agreement. As aforementioned, we were unsure if there would be a sufficient number of articles on PBL at the early elementary to middle school levels to warrant a review. This process resulted in the identification of 25 articles at these levels and thus, for the purposes of answering our research questions, we were able to eliminate articles at the high school levels and any college level articles that were not eliminated in our initial screening.
The final article screening process involved a thorough reading of each article for four criteria: (a) experimental or quasi-experimental design, (b) definition of PBL, (c) PBL components included, and (d) effectiveness of PBL (variables measured, i.e., academic achievement, attitude). We chose to examine experimental or quasi-experimental studies, so that we would be able to identify those studies that compared PBL to traditional modes of teaching to better understand what makes PBL effective. We were also interested in how researchers defined PBL and what components of PBL were focuses of the study. Finally, we wanted to identify the variables researchers used to examine the effectiveness of PBL.
This round of screening resulted in an inter-rater reliability average of 0.90, with discrepancies discussed and resolved which resulted in 100% agreement. Again, articles that did not meet our criteria were eliminated. This resulted in nine remaining articles. Table 1 is an overview of the studies that were included in our final analysis. In the discussion of preliminary results, studies have been identified using a paper number. Each listing includes the authors, the grade level(s) at which the study occurred (and age in parentheses if it was included in the study description), and the quantitatively measured dependent variable(s). Some studies used mixed methods, but, as discussed earlier, we focused only on quantitative results. Though our search initially included science and mathematics content areas, the studies that made it through to the final level of analysis only focused on science concepts.
Findings
In this section, we discuss the three themes that emerged from analysis of the articles: (a) definitions of PBL, (b) PBL design components, and (c) effectiveness of PBL.
Defining PBL
Problem-based learning is an instructional method whose definition among researchers lacks consistency. Our analysis of PBL definitions for this literature review identified multiple theoretical sources for researchers' definitions of PBL in K-8 mathematics and science education: clinical-medicine education, functional/curriculum design, constructivism, and conceptual-change theory (see Table 2 ).
Clinical-medicine education definition. Typically, PBL definitions for K-8 mathematics and science education that are inspired by clinical-medicine education situate PBL in the "learning by doing" principle of Dewey (1938) . An illustrative definition of PBL following this tradition characterizes problem-based learning as "a teaching/learning experience that provides students with problems before they receive any instruction" (Drake & Long, 2009, p. 1) . Typically problems are ill-structured, requiring students to work actively and collaboratively in small groups to investigate, pose questions, gather information, and carry out the work necessary to resolve the problem. Students engaged in PBL "increase knowledge and develop understanding by identifying learning objectives, engaging in self-directed work, and participating in discussions" (Barrows & Tamblyn, 1980 , as cited in Wong & Day, 2009 ). Five of the nine studies reviewed (Akınoğlu & Tandoğan, 2006; Chen & Chen, 2012; Drake & Long, 2009; Potvin, Mercier, Charland, & Riopel, 2011; Wong & Day, 2008) ground their definition of PBL in the medical education literature by Barrows (1986 Barrows ( , 1996 and Tamblyn (1976, 1980) . In contrast to traditional instruction where students apply concepts and principles to real-world applications at the end of a unit, problem-based instruction according to the clinical medicine tradition provides students with opportunities to learn new information while solving realworld problems (Akınoğlu & Tandoğan, 2006; Wong & Day, 2008) .
Functional or curriculum design definitions. Some definitions of PBL in the studies reviewed are closely related to classroom practice; we call these functional or curriculum design definitions. Two studies (Araz & Sungur, 2007; Inel & Balim, 2010 ) employ functional definitions derived either from curriculum handbooks (Curry, 2001; Nowak, 2001; Walton & Matthews, 1989) or problem-based teaching experiments (Yenal, Ira, & Olfas, 2003; Tarhan & Acar, 2007; Tseng, Chang, & Hsu, 2008) . The definitions of PBL in these studies focus on the practical application of PBL by detailing steps for implementing PBL in the classroom-specifically, the elementary grades classroom-where, due to the maturity of students, problems may be more structured and teachers may offer more guidance to keep the investigative process going in a positive learning direction. The definition of PBL by Drake and Long (2009, p. 5 ) is characteristic of the functional curriculum-design conception of PBL:
1. Engagement: The problem is presented to the students and any roles are explained. 2. Inquiry/Investigation: It is determined what information students already know, what information they need to know, and how best to acquire this information. 3. Problem Resolution: Students analyze their options and decide on an action or a decision. 4. Debriefing: Students discuss not only the content they have learned and how it may be useful in new situations but also the processes involved in solving the problem.
Constructivism or project-based learning definitions.
Constructivist-inspired PBL, also known as project-based science learning, defines PBL as learning through projects that focus on problems in their real-life settings (Karaçalli & Korur, 2014) . Grounded in the work of Krajcik, Czerniak, and Berger (1999) , the principal features of project-based learning according to this definition of PBL include "constructing knowledge through trial and error, " "learning by doing, " and "applying new knowledge to new circumstances" (Colley, 2008; Singer, Marx, Krajcik, & Clay-Chambers, 2000; von Glasersfeld, 1995) . In contrast to ill-structured problem solving with minimal teacher guidance in the clinical medicine conception of PBL, project-based science learning typically features progress-report forms that teachers create to guide students' inquiry and knowledge construction processes (Karaçalli & Korur, 2014) .
Conceptual change definitions. Finally, conceptual change definitions of PBL are prominent in studies of early science learning and instruction (Leuchter, Saalbach, & Hardy, 2014) . Grounded in the work of Duschl, Maeng, & Sezen (2011) , this definition responds to research on early x Hewson, 1981 x science learning and instruction that suggests on the one hand that "open inquiry environments may be unproductive" for young learners "with low self-regulation capacities" while, on the other, traditional science instruction often "fails to achieve long-term concept restructuring with regard to basic science concepts" (Duit & Treagust, 2003; Holliday, 2006) for preschool and primary school children. Thus, the conceptual change definition of PBL defines PBL as an inquiry-oriented science learning environment that emphasizes the importance of cognitive scaffolding through logically sequenced learning tasks for young learners to promote concept development through comparison of structural similarities across tasks (Namy & Gentner, 2002) . Despite differences in the literature from which researchers crafted their definitions of PBL, several components of the PBL definitions were common to all studies. Not surprisingly, studies began the learning process with a problem or structured problem sequence, required students to learn by doing (Dewey, 1938; 1966) prior to any formal instruction, and conceptualized the teacher as a guide rather than a conveyor of information. As an instructional method, the studies situated problem-based learning varied within the contexts of Deweyan philosophy, clinical-medicine education, constructivist learning theory, and conceptual change theory. In the next section we examine what components the authors described as part of the enacted PBL.
Enacted PBL Design Components
PBL design components are defined as elements considered to embody the characteristics or definitions of PBL in the school setting. When investigating the PBL design of each paper, we found that eight components were explicitly addressed in the description of PBL design or implementation in each study: nature of problems, small group, student-centered iterative inquiry process, communication of their findings to whole class, resources, technology, partnership with community, and teachers' role as facilitators (see Table 3 ).
Problem. The nature of problems provided in each PBL design is slightly different depending on grade levels. Studies targeting secondary or upper elementary grade levels used scenario-or case-based problems, so that identifying problems from the given context was considered important (Akınoğlu & Tandoğan, 2006; Araz & Sungur, 2007; Chen & Chen, 2012; Drake & Long, 2009; Inel & Balim, 2010; Wong & Day, 2008) . For example, in Araz and Sungur (2007) , students were asked to deal with cased-based, ill-structured problems by brainstorming and generating ideas related to the problems in order to identify issues involved in the cases. However, studies targeting middle elementary or lower grade levels (Leuchter, Saalbach, & Hardy, 2014; Karaçalli & Korur, 2014) provided more structured and clear access to the problem by allowing students to do experiments with given materials. For example, during the starting phase of PBL instruction (2011), students were asked to solve 20 tasks about electricity with the available materials (wire, bulbs, switches, resistors, etc.) after being given information about how to plug the source, to link up wires, and to avoid short-circuits. Three studies (Chen & Chen, 2012; Karaçalli & Korur, 2014; Wong & Day, 2008) provided students an opportunity to use technology by allowing them to search necessary information though the internet, or to prepare their final presentations on the computer. In particular, Chen and Chen (2012) offered technology-based PBL instruction to students through an instructional website, including news, resources, courseware, simulation, and evaluation. Furthermore, only one paper considered partnership with the community in designing PBL instruction. More specifically, in paper four, students were asked to report both their findings and the inquiry process to guest speakers or invited experts from their community. Finally, four studies (Araz & Sungur, 2007; Inel & Balim, 2010; Karaçalli & Korur, 2014; Leuchter, Saalbach, & Hardy, 2014) explicitly mentioned teachers' roles as facilitators in the PBL instruction by illustrating the following things: distributing worksheets, leading discussions, or helping students determine how to search necessary information. In particular, in paper number six targeting first grade students, teachers provided more facilitation compared to the other studies. Specifically, the teachers were encouraged to provide verbal support and ask questions to advance observation, comparison, and the interpretation of data, as well as the deduction and verification of hypotheses and arguments.
In sum, the PBL interventions designed in all nine studies seem to be divided into two perspectives: "students as active learners" and "teachers as facilitators. " In regards to student improvement of skills using these interventions, studentcentered learning opportunities appear to be considered in in Karaçalli and Korur (2014) , necessary information was shared with students about the role of electricity in their lives and students were asked to undertake projects related to simple electric circuits from the units. This result implies that the PBL approach can be applied to young students, but students' literacy abilities need to be considered when deciding which problem types are given in PBL instruction.
Small group and other components. In terms of the small group component, all studies designed their PBL instruction based on small groups (four to six students), and emphasized collaboration skills to resolve the given problem together. Also, seven studies out of nine (Akınoğlu &Tandoğan, 2006; Araz & Sungur, 2007; Drake & Long, 2009; Karaçalli & Korur, 2014; Leuchter, Saalbach, & Hardy, 2014; Potvin et al., 2011; Wong & Day, 2008) included an iterative inquiry process in their PBL instruction. For example, in paper number one, students were encouraged to adapt new knowledge to the original problem, to revise previous hypotheses and to re-adjust these hypotheses in an iterative inquiry process. In this process, students were asked to analyze their options and to decide what research to do and how to proceed. Also, three studies (Araz & Sungur, 2007; Karaçalli & Korur, 2014; Wong & Day, 2008 ) put a value on improving students' communication skills by asking them to report their findings to the whole class at the end of their inquiry process. Five studies (Chen & Chen, 2012; Karaçalli & Korur, 2014; Leuchter, Saalbach, & Hardy, 2014; Potvin et al., 2011; Wong & Day, 2008) emphasized providing resources such as school library and laboratory facilities to students during PBL instruction. For example, in Leuchter, Saalbach, and Hardy (2014) , each student had an opportunity to work on the task by being encouraged to do experiments with the given materials, using a worksheet as an experimental protocol. In Potvin et Yes *Difference in achievement with one of two concepts taught order to improve four skills: namely, problem-solving skills (e.g., identifying problems, iterative inquiry process), cooperative skills (e.g., small group, partnership with community), communication skills (e.g., reporting their finding to the whole class), and technology skills. Among those four skills, problem-solving skills and cooperative skills are prevalent across the nine studies, but communication skills and technology skills are paid less attention.
In the next section, we discuss the quantitatively measured difference in student performance as it pertains to the dependent variables identified by the authors.
Effectiveness of PBL
To determine the effectiveness of PBL, the authors carefully examined each study for the dependent variables and measures used to assess the PBL versus control groups in each study. From this analysis, four main themes emerged: (1) academic achievement, (2) knowledge retention, (3) conceptual development, and (4) attitudes. Table 4 shows whether each study found statistically significant differences between treatment and control group in relationship to the identified theme.
Academic achievement. Academic achievement was identified either as academic achievement or content knowledge in eight of the nine studies (all except paper number nine, which focused on conceptual development, discussed later). For studies looking at this variable, 87.5% of the studies found that students in the PBL group outperformed students in the control group. It should be noted, however, that while Wong and Day (2008) reported achievement differences in only one of the two topics they investigated (reproduction and density), the reviewers have included this study in the academic achievement count of 87.5%. This decision is based on caveats of the authors who account for the lack of achievement differences for the reproduction topic, in contrast to the positive achievement results obtained for the density topic, by noting that while coverage of density occurred only in science class, coverage of reproduction occurred in both health and science classes. Thus, the dual coverage may account for the apparent lack of achievement differences in science class on the topic of reproduction, as the topic had already been learned in health class. Drake and Long (2009) did not find any significant difference in performance; however, the PBL group did perform slightly better than the control group from pre-to posttest. It also should be noted that of all the studies reviewed, the small sample size in the Drake and Long study (14 in treatment and 15 control) might be a reason for not finding any significant difference.
Knowledge retention. Four studies (Drake & Long, 2009; Karaçalli & Korur, 2014; Leuchter, Saalbach, & Hardy, 2014; Wong & Day, 2008) further examined whether there was a difference in knowledge retention between treatment (PBL) and control groups. All of these studies employed a delayed posttest to measure student knowledge. Of these studies, 75% indicated that students in the PBL group had better knowledge retention than the control group. While Drake and Long (2009) did not find significant difference in performance between the groups, results indicate students retained similar information, scoring almost identically on the delayed posttest.
Conceptual Development. Three papers (Araz & Sungur, 2007; Inel & Balim, 2010; Potvin et al., 2011) examined students' conceptual development. Conceptual development in these studies refers to students' understanding of scientific laws and theories and application of these to reason about phenomena. With 100% of these studies finding significant differences between the treatment and control groups on conceptual development, the evidence suggests that PBL can be used to help students in developing reasoning and application skills while developing their understanding of science concepts.
Attitudes. Finally, four studies (Akınoğlu & Tandoğan, 2006; Chen & Chen, 2012; Drake & Long, 2009; Karaçalli & Korur, 2014) examined students' attitudes, including attitudes toward science, PBL, and scientists. Overall, these studies provide a wide-ranging view of students' attitudes. The three studies that examined students' attitudes toward science and scientists indicate that students in PBL have a more positive view of scientists than the control group. Karaçalli and Korur (2014) found no difference in students' attitudes toward PBL. The authors postulate that this could be due to several factors, including the length of implementation (only four weeks) and that this was the first time for the teacher to use PBL in instruction and the first PBL experience for students.
In sum, a majority of the studies examined found that PBL has positive effects on students' academic achievement, knowledge retention, conceptual development, and attitudes. Moreover, the results indicate that PBL is at least as effective as traditional instruction in relationship to student academic achievement and knowledge retention. Though there seems to be a positive effect of PBL on attitudes, it is not clear what students' attitudes are about using PBL in instruction; thus, more research needs to be done in this area. On the other hand, our analysis indicates that PBL has a positive effect on students' conceptual development.
Discussion and Conclusions
PBL has been widely used in medical and postsecondary education to develop learners' abilities to apply their knowledge in real-world settings by working collaboratively on meaningful problems. However, relatively few studies have investigated uses of PBL in science and mathematics education at the primary to secondary levels (ages 5-14), indicating a gap in the literature. To assess the current state of the literature and provide suggestions for further research, we conducted a systematic review of the literature, which ultimately led to the in-depth reviews of nine articles reporting experimental studies of PBL in kindergarten to middle school science education. We explored three aspects of these studies: the definitions of PBL used; the components of PBL that were explicitly identified as salient to student learning; and the effectiveness of PBL in relationship to identified dependent variables. As aforementioned, for this review we were only able to find studies related to elementary science education, a point that will be discussed below.
Findings from this review reveal that PBL has many forms and many possible outcomes. In particular, the definitions of PBL used in these papers were based on four different sources, indicating some inconsistency in how the approach was understood. Also, although the nine studies were investigations of PBL specifically at the kindergarten to middle school grades (K-8), their definitions of PBL were more dependent on sources from medical education than from science or mathematics education. In terms of PBL design components, we found that eight were explicitly addressed in the nine studies. Among them, three components-nature of problems, small group work, and student-centered iterative inquiry-were more salient than the components of communication, technology, and partnership with community. Just as Strobel and van Barneveld (2009) found in their metaanalysis of PBL in higher education, overall these empirical investigations found PBL to be effective for improving students' academic achievement, including knowledge retention, conceptual development, and attitudes, although attitudes were not clearly defined.
Implications
Three implications for the use of PBL to teach elementary students science and mathematics can be drawn from this review. First, it shows there have been fewer quantitative research studies on the use of PBL in mathematics education than in science education. Although we initially sought empirical studies of the use of PBL in both science and mathematics, the nine articles we identified were related only to science education, suggesting the need for the research community to investigate the impact of PBL on teaching mathematics to elementary students. Mathematics seems to be a natural fit for PBL, with one area of focus being problemsolving. Therefore, we recommend that more empirical PBL studies need to be conducted, especially in the area of mathematics at the primary to secondary levels.
Second, a more consistent and clear definition of PBL in science and mathematics education needs to be established. The definitions of PBL in the reviewed studies were not consistent with each other, calling into question the reliability or validity of the research results. To evaluate the soundness of PBL intervention in mathematics and science education for elementary students, rigorous and coherent criteria for its implementation in this setting needs to be established. Thus, we recommend that researchers clearly define PBL when disseminating their research. This would provide opportunities for the field to evaluate the effectiveness of PBL across diverse mathematics and science classroom settings.
Finally, the majority of studies identified in this review involved sixth through eighth grade students (ages 11-14), while only one study focused on Kindergarten/first grade (ages 5-7) settings (Leuchter, Saalbach, & Hardy, 2014) , suggesting the need for more investigations in lower elementary grades. While some people might doubt the ability of lower elementary students to engage in PBL, some research has shown their potential to solve ill-structured mathematics problems (Lesh, English, Riggs, & Sevis, 2013; Lesh, English, Sevis, & Riggs, 2013) , suggesting the feasibility of applying PBL at these levels. Moreover, the review showed some differences between lower and upper elementary grade settings in the types of problems or PBL components emphasized, indicating the need to develop specific guidelines for applying PBL at different levels. Based on these findings, we recommend more empirical studies of PBL at the lower primary grades. These studies would provide more insight into the effectiveness of PBL for younger students, as well as what components of PBL require more scaffolding at the lower grades.
Limitations
While this review suggests definite directions for future research, it should be noted that the conclusions discussed here are based on a selected group of studies-those employing quantitative experimental designs comparing learning outcomes of traditional and PBL groups. Thus, qualitative studies investigating the effects of PBL in mathematics and science education and studies examining effects among different versions of the PBL approach were not included. Also, although some approaches such as inquiry-based learning, problem-centered learning, problem solving, and discoveryguided learning involve components of PBL, if the term "problem-based learning" or "project-based learning" was not explicitly used in an article, it was excluded to avoid subjectivity in judging what should be considered PBL. Had the terms "problem-centered learning" and "problem solving" been considered forms of PBL and the focus included studies other quasi-experimental/experimental quantitative studies, the collection of reviewed studies would have included more analysis of PBL in mathematics education. Thus, inclusion of a broader range studies may have led to different recommendations.
